Elucidation of the oxidation mechanism of naturally emitted reduced sulfur compounds, especially dimethyl sulfide, plays a central role in understanding background acid precipitation in the natural environment. Most frequently, theoretical studies of the addition and H-elimination reactions of dimethyl sulfide with hydroxyl radicals are studied considering the presence of oxygen that further reacts with the radicals formed in the initial steps. Although the reaction of intermediate species with additional hydroxyl radicals has been considered as part of the global mechanism of oxidation, few if any attention has been dedicated to the possibility of reactions of the initial radicals with a second • OH molecule. In this work we performed a computational study using quantum-chemical methods, of the mechanism of H-abstraction from dimethyl sulfide under normal atmospheric conditions and in reaction chambers at different O2 partial pressure, including complete absence of oxygen. Additionally, important rate coefficients were computed using canonical and variational transition state theory. The rate coefficient for abstraction affords a 4.72 x 10 -12 cm 3 molecule -1 s -1 value, very close to the most recent experimental one (4.13 x 10 -12 cm 3 molecule -1 s -1 ). According to our best results, the initial methyl thiomethyl radical was obtained at -25.2 kcal/mol (experimentally -22.4 kcal/mol), and four important paths were identified on the potential energy surface. From the interplay of thermochemical and kinetic arguments, it was possible to demonstrate that the preferred product of the reaction of dimethyl sulfide with two hydroxyl radicals, is actually dimethyl sulfoxide.
1.

Introduction
The atmospheric sulfur cycle has been the subject of intensive investigation for a long time, mostly because of the need to have a continuous assessment of the contribution of anthropogenically produced sulfur to problems such as acid rain, visibility reduction, and climate modification 1 . Field measurements have long time ago indicated that the predominant reduced sulfur compound entering the atmosphere is dimethyl sulfide (DMS) 2 . In fact, ocean-emitted DMS has been suggested to play a major role in atmospheric aerosol formation and thereby cloud formation, and has been estimated to account for approximately 60% of the total natural sulfur gases released into the atmosphere [3] [4] .
For a complete understanding of the DMS oxidation mechanism, it is crucial to acquire detailed knowledge of the elementary steps that may provide general guidelines for atmospherically relevant processes. Equally important is the photochemistry of the initially formed volatile sulfur adducts and oxidation intermediates.
There is no doubt that the oxidation of DMS in the troposphere occurs primarily in the gas phase. Liquid-phase oxidation of DMS in cloud water has been discussed but there is, to the best of our knowledge, no experimental evidence proving the formation of dimethyl sulfoxide (DMSO) in cloud water. The presence of DMSO in rain and snow has, however, been documented. The extent of branching to the likely major end-products sulfur dioxide, sulfur trioxide and methanesulfonic acid (MSA) is unclear and the same applies, consequently, to the contribution of atmospheric oxidation of DMS to the formation of acid rain and the effect of DMS on the climate.
It is well known that, in solution, the oxidation of DMS by hydroperoxides leads to DMSO 5 .
In the atmosphere, DMS is believed to be removed mainly by the daytime reaction with the hydroxyl radical ( • OH), by the night-time reaction with the nitrate radical (NO3 • ), and by reaction with halogen oxides (XO • ). In marine environments, NO3 • levels are typically low and, as a result, DMS is expected to be destroyed primarily by • OH. In general, the initial reactions of reduced sulfur compounds with free radicals involve two pathways, abstraction and addition. The ratio between these two • OH reaction pathways shows a strong temperature dependence [6] [7] . In fact, previous studies have shown that about 70% of the DMS reacts with • OH radicals through Habstraction at 298 K, whereas at temperatures below 286 K the • OH-addition pathway becomes dominant [7] [8] [9] . It is also known that the reaction is dependent on the concentration of oxygen 10 .
The reaction between DMS and • OH radicals leads to the formation of a variety of sulfur containing end products, with the most important being DMSO, sulfur dioxide (SO2), MSA, sulfuric acid (H2SO4) and dimethylsulfone (DMSO2) [10] [11] [12] [13] [14] .
The kinetic information on the reaction between DMS and • OH is currently interpreted in terms of a two-channel mechanism, involving the direct abstraction reaction (reaction R1, O2independent) and the reversible adduct formation (reaction R2, O2-dependent) as shown below [15] [16] [17] . • + → 3 2 • + 2 (R1)
Detailed studies on the kinetics of the gas-phase oxidation of sulfur compounds, both organic and inorganic, can be found in many previous publications that are summarized in two important review papers [18] [19] . In particular, the kinetics of the reaction of • OH with DMS has been extensively studied using a large panel of methods 7, 12, 16, [20] [21] [22] . Older studies provided a somewhat confusing picture of the abstraction reaction R1 [23] [24] [25] . In more recent years 7, 12, 26 , it became clear that the results are dependent on the concentration of O2 and NOx in the system. In particular,
Hynes et al. 7 performed a comprehensive flash photolysis-resonance fluorescence (FP-RF) investigation of this system, and found that the effective rate coefficient increased as the partial pressure of oxygen was increased.
The latest and most well established kinetic data for the main reactions (addition and abstraction) of • OH with DMS were found at two different temperatures. In one study at T = 240 K 26 , where the rate coefficient was determined as a function of pressure by using the laserinduced fluorescence analytic technique, Williams et al. found k(R1)240 = (3.59 ± 0.07) x 10 -12 cm 3 molecule -1 s -1 (at zero O2-pressure) and k(R2)240 = (5.82 ± 1.33) x 10 -11 cm 3 molecule -1 s -1 respectively. In another study, at T = 298 K and standard pressure P = 1 bar, Atkinson et al. 27 found k(R1)298 = 4.8 x 10 -12 cm 3 molecule -1 s -1 and k(R2)298 = 1.7 x 10 -12 cm 3 molecule -1 s -1 , from an expression deduced from the most accurate experimental results available. From these data it is clear that addition predominates at lower temperatures (240 K), while at larger temperatures (298 K) abstraction takes over. However, the temperature dependence is somehow doubtful.
Hynes et al. 7 determined a rate coefficient k(R1) = (13.6 ± 4.0) x 10 -12 exp [(-332 ± 96)/T] cm 3 molecule -1 s -1 in the absence of oxygen in the range of 276 -397 K, independently of pressure . This means the reaction has a positive activation energy. Positive activation energies were also determined by Wine et al. 23 , Hsu et al. 28 , and Abbat et al. 21 while only the work of Wallington et al. 29 had previously reported a negative activation energy, which would imply a transition state below the energy of the reactants and the presence of a pre-reactive complex.
Recently however, Albu, Barnes et al. 30 27 . Later work by González-García et al. 31 , following a previous idea of El-Nahas et al. 32 , invoked the existence of two possible reaction channels for the decomposition, one through direct abstraction and another through indirect abstraction starting from a precursor complex (as postulated by Sekušak et al. 33 ). Under this assumption, González-García et al. 31 proposed that the reaction is not pressure independent (contrary to the experimental results of Hynes et al. 7 ). They calculated that at low pressures the temperature dependence follows an Arrhenius behavior, while at high pressures the behavior is Arrhenius like only at higher temperatures, and reverse Arrhenius at lower ones.
Therefore, despite the maturity of the field, a large discrepancy still exists among different experimental and computational results. On the one side, several experimental studies employed higher NOx concentrations 20, 29, 34, 35 and obtained results differing from those observed at the much lower NOx concentrations found in the atmosphere 6, 36 . On the other side, it is well known that the formation of secondary organic aerosols (SOA) in the atmosphere involves the multigeneration oxidation of a parent organic molecule leading to product molecules that split between the gas and particle phases. As the parent organic is consumed, usually by reaction with the • OH radical, subsequent intermediates may also react with • OH, giving rise to an evolving product distribution 37 .
Indeed, recent studies of the • OH radicals above forested regions have shown that atmospheric models underestimate in several cases the concentration of • OH radicals up to a factor of four 38 , although a recent study has suggested that typical • OH measurements may overestimate concentrations by a factor of two 39 . The problem is largely due to the complex multigenerational atmospheric chemistry involving a variety of free radical addition, abstraction and isomerization reactions at multiple sites, with each successive oxidation step giving rise to a new generation of products.
Therefore, there are large variations in product distributions, and it is not possible to make reliable quantitative predictions of the DMS oxidation products for specific sets of atmospheric conditions. Part of the confusion is derived from the interplay of different radicals ( • OH, • 26 ). Although this route was also followed by González-García et al. 31 , these authors proceeded from a termolecular complex between DMS and two hydroxyl radicals, which would require not only a large excess of • OH but also that the reaction proceeds from the well-known addition complex, further reacting with a second hydroxyl radical also added to sulfur. Under these conditions, it is more probable that the complex evolves to DMSO and water than to the abstraction complex. We will show in this paper that an alternative mechanism is possible for the generation of methyl thiomethyl radical (MTMr), which not only is pressure independent and gives a rate coefficient in very good agreement with the experimental results, but also shows the inverse Arrhenius behavior observed by Albu et al. 30 . Following these ideas some new reaction paths are described, which may be eventually investigated experimentally.
Computational methods
The potential energies of the studied compounds were analyzed using composite model chemistry methods, density functional theory (DFT), and CCSD(T) single-point calculations on the DFT optimized geometries.
Composite model chemistry methods rely on calculations at relatively simple (and cheap) levels that are later corrected stepwise for extension of the basis set to the complete basis set 6 (CBS) limit, for higher levels of correlation energy (MP4, CCSD(T)), and adding in some cases empirical factors to correct for dissociation energies with respect to the atoms. Available methods comprise the CBS model chemistries of Petersson et al. [40] [41] , the Gaussian-n (Gn) methods of Pople and co-workers 42 , the Weizmann-n (Wn) theories of Martin and coworkers 43 geometries. This is a procedure akin to that used in composite model chemistries, where geometry optimizations and the evaluation of harmonic frequencies is performed at a lower level of calculation (B3LYP, for instance) followed by more accurate single point estimation of correlation and basis set extension effects. Thus, in this work we added single-point CCSD(T)/cc-pVTZ energy calculations at the B97X-D/cc-pVTZ optimized geometries, both for the calculation of more accurate thermochemical data and to evaluate the energy of the points on the reaction paths necessary to calculate rate coefficients. Since tight d functions are known to be important for a quantitative description of third-row atoms (here sulfur) 50 , we resorted to the jun-cc-pV(T+d)Z basis set 51 .
All geometry optimizations, energy, thermodynamic functions and frequency calculations have been performed using the Gaussian 16 system of computer codes, Revision C.01 52 . Tight thresholds were used for geometry optimizations and the ultrafine grid was used for the numerical evaluation of integrals. The standard rigid-rotor harmonic-oscillator (RRHO) approximation was used to compute thermochemical properties. All optimized structures were checked to be true minima by inspection of the eigenvalues of the Hessian. Heat of formation values ∆ 298 for the important energy minima, were determined by using the methods described before and the computational thermochemistry protocol 53 , by following the procedure based on atomization energies, as outlined by Curtiss et al. 54 .
All the kinetics calculations were carried out using programs of the MultiWell suite [55] [56] [57] . For 
Where ⧧ is the reaction path degeneracy, ℎ is Planck's constant, is the temperature, is , where is the external symmetry number for molecule and ⧧ is the external symmetry number for the transition state, respectively; ⧧ and are the number of chiral stereoisomers of the transition state and molecule , respectively. The partition functions are evaluated by using parameters obtained from the quantum chemistry calculations. The canonical rate coefficient for the entrance channel was calculated over the temperature range from 200 to 500 K.
Results and discussion
Thermodynamic approach
In this section we will discuss the most relevant details of the potential energy surface Fig.1 . PRC2 is the most stable complex (see Table 1 ). It presents an interaction between sulfur and oxygen, with a secondary interaction between sulfur and the hydroxyl hydrogen (hence the SOH angle of about 100 degree) and can be described as a threeelectron/2-center (3e -/2c) complex. In PRC1 instead, the primary interaction is between the hydroxyl hydrogen and sulfur, the secondary between O and the H atoms of the methyl group, and there is no interaction between sulfur and oxygen. This is a dipole-dipole complex that, to the best of our knowledge, has only been considered before by Aloisio 60 at the MP2/6-311G(d) level and by Wang and Zhang at the MP2/cc-pVTZ level 61 . .56 a Single point calculations at the B97X-D/cc-pVTZ optimum geometries; the ZPE calculated at the level at which the geometries were optimized was added to the CCSD(T) single-point total energies to obtain the E+ZPE energies reported ; b at the B97X-D/cc-pVTZ optimum geometries; c at the B97X-D/jun-cc-pV(T+d)Z optimum geometries.
PRC2 is clearly an addition complex and would react with O2 (if present) to give DMSO.
In a previous work 31 , PRC2 was also held responsible, after reaction with a second • OH radical, for some "indirect" H-abstraction, in alternative to the direct abstraction when the • OH radical was interacting with the hydrogens of the methyl groups. In this work instead, we assumed that PRC1 would be the precursor of the abstraction of a hydrogen atom from a methyl group to give water and MTMr (see the structure of this species in Fig. 2 ). Although it is not the main focus of this work, it may be noticed that the stabilization energy we obtained for PRC2 at the best levels of calculation is between 9 and 11 kcal/mol, to be compared with the older experimental value of 13 ± 3 kcal/mol 7 or the more recent value of 10.7 ± 2.5 kcal/mol 16 . This agreement gives further support to the accuracy of the theoretical methods we are using. Aloisio 60 found values of 12.1, 8.9 and 11.2 kcal/mol at the B3LYP, UMP2 and PMP2/6-311++G(3df,3pd) levels respectively.
Other authors got similar values.
The intrinsic reaction coordinate (IRC) from the transition state for abstraction confirms PRC1 as the initial pre-reactive complex (see Supporting Information section). Nonetheless, PRC1 is both difficult to locate and difficult to dissociate correctly. In fact, M06 for instance is unable to give this structure, which is found however at other levels of theory (composite methods and B97X-D calculations). A detailed explanation of the difficulties encountered in the calculation of this complex have been included in the Supporting Information section.
PRC1 and PRC2 are separated by a very low transition state TS0 (see Fig. 2 ). For all the methods, the total energy of TS0 is above those of both PRCs, but the situation changes when the ZPE is included. Only the CBS-QB3, G4 and CCSD(T) methods predict a barrier, albeit very small (see Table 1 ). The potential energy surface supporting the two reaction channels leading to the two different PRCs separated by a low ridge should be calculated at a higher level of theory to confirm our more approximate calculations.
Generation of MTMr.
Abstraction of the hydrogen from one of the methyl groups by the • OH radical generates a complex of water and the MTMr radical, reaction R1a in Scheme 1. The enthalpies at 0 K and 298 K for the initial PRC1, the transition state TSR1a, the post reactive complex (POST) and MTMr itself are shown in Table 2 with respect to the reactants. Single point calculations at the B97X-D/cc-pVTZ optimum geometries; the ZPE calculated at the level at which the geometries were optimized was added to the CCSD(T) single-point total energies to obtain the E+ZPE energies reported ; b at the B97X-D/cc-pVTZ optimum geometries; c at the B97X-D/jun-cc-pV(T+d)Z optimum geometries.
In agreement with the experimental information 62 , as shown in Table 2 and Figure 2 ,
MTMr is a stable structure where the unpaired electron is shared between the sulfur atom and the methylene group. Thermochemical data indicate that the reaction to produce MTMr is exothermic by 22.4 kcal/mol, in agreement with our results. As will be shown in a later section, the standard enthalpy of formation we computed is also in good agreement with that determined experimentally.
The weakly-bound complex with water, POST, is about 3 kcal/mol more stable. The presence of this ancillary water molecule has not been taken into account in the present study, where all further reactions were started from MTMr itself. However, notice that in several cases [63] [64] [65] [66] [67] the interaction of radicals of atmospheric interest with water may affect their structure and reactivity. We display in Figure 3 the Laplacian of the density for POST, which shows the interaction of water with the CH2 residue on one side and the methyl group on the other. The spin distribution is also shown in this figure for both POST and MTMr. Clearly there is very little electron transfer from MTMr to water, and the unpaired electron is contained in an anti-bonding * orbital of the S=CH2 fragment. Therefore, we felt justified to study the reactions starting from the isolated MTMr instead of the water complex.
The activation energy for reaction R1a has been estimated experimentally to be smaller than 1 kcal/mol 7 but this is a subject that provokes discrepancies, because Arrhenius expressions obtained in different experiments predict positive or negative activation energies in the absence of oxygen. Our best theoretical results for the barrier at room temperature vary between 1.8 and 3.4 kcal/mol, confirming its small height. We will discuss the kinetic implications of this fact in a specific section. In the first place, taking into account that experimentally it was proven that MTMr is produced near the unimolecular dissociation threshold to • CH3 + CH2S 62 Fig. 2 ), following a barrierless path R1v.
Reactions of MTMr with a second
As can be seen from its structure, MTC.W is a closed-shell methyl thiocarbene strongly bound to a water molecule. This water molecule acts as a hydrogen bridge to transfer one hydrogen atom from the methyl to the carbene fragment, reaction R1w, resulting in MSM.W along an exothermic multistep path. MSM.W can lose the attached water and cyclicize with relative easiness, giving the very stable thiirane, reaction R1x. Two transition states are involved in this reaction path, TSR1w and TSR1x, and the average values of the barriers are 25.6 and 18.6 kcal/mol respectively. Obviously then, the rate limiting transition state is TSR1w and the barrier is 16% lower, approximately, than that for the dissociation into thioformaldehyde (TF) and methyl radical, which might later react with another • OH radical.
The reaction enthalpies are also in favor of the larger stability of thiirane (THII) (see Table 3 ).
Finally, there is the obvious path for the termination reaction when the oxygen of the • OH radical interacts with the sulfur or carbon atoms in the S=CH2 double bond. Two stable species were located, which we called respectively S-methyl-methanesulfenic acid (SMMSA) and methanesulfenyl methanol (MSMOH), and were fully described in a previous publication 68 .
The relative energies of SMMSA(s) with respect to the reactants at all levels of calculation used in this study are also collected in Table 3 . If, as suggested by the study of the triplet analog, there is no barrier (or an exceedingly small one) for reaction R1b, then the formation of SMMSA will be thermodynamically as favorable (or even more) as the formation of MTC.W through the (presumably) barrierless reaction R1v. The reaction path R1y/R1z would not compete because, even if the MEOH + TF products are more stable than either SMMSA or MTC.W, the dissociation to methyl radical and TF requires extra energy. MTC is a carbenoid structure whose putative existence depends on the tightly bound water molecule linking the CH3 and CH residues. As said before, the water molecule acts as a hydrogen bridge for the migration of one H from the first to the latter, giving MSM.W, the water complex of MSM. The closed-shell structure is very stable with respect to the reactants (about -66 kcal/mol at the G4 level) but it should probably be investigated further using multireference methods. As it is obvious from the structure, two open-shell configurations are possible, a singlet and a triplet, if a double bond is formally drawn between C and S, then allowing the co-existence of individual uncoupled electrons on both atoms. Although we have not further investigated this aspect, the route leading to the very stable THII is of considerable interest and will be the subject of future studies.
MSM is a closed shell planar structure where two methylene groups are bound to the central sulfur. It is one of the minima on the [SC2H4] potential energy surface, where one finds also thioacetaldehyde, ethenethiol and thiirane. From a purely formal point of view, one could draw double bonds between the sulfur and the terminal methylene groups, satisfying then the valences of both carbons. However, the situation is more complicated. CH2 is isoelectronic with oxygen and thus MSM is isoelectronic with SO2, the electronic structure of which was recently studied by Lan, Wheeler and Houk 69 . They performed a study of the reactivity of SO2 in comparison with ozone (which is valence isoelectronic) and found that the very different reactivity among them can be explained by the prevalence of a dritterionic structure in the former (i.e. two positive charges on sulfur and one negative charge on each of the carbons). The other two interesting structures, SMMSA and MSMOH, have been reported and studied in depth in our previous publication 68 . In the following we will only describe the reactions that may occur having these species as reactants. Table 4 .
The transition state TSR1h, leading to DMSO, is the lowest of the three, making then the formation of DMSO, by an O -C hydrogen shift, the most probable process, followed by the isomerization to MSMOH. As seen in the table, MSMOH is actually more stable than all the other species, but the transition state for the process requires a S -C OH-shift, which is more energy demanding than the simple H-shift, even if tunneling is not taken into account. If MSMOH would be formed, it would have the possibility to dissociate into methanethiol (MTSH) and formaldehyde (F) (analogously to the process of formation of thioformaldehyde and methanol in reactions R1y/R1z) but the transition state is too high for any effective conversion. single point calculations at different optimum geometries; the ZPE calculated at the level at which the geometries were optimized was added to the CCSD(T) single-point total energies to obtain the E+ZPE values reported; b at the B97X-D/cc-pVTZ optimum geometries; c at the B97X-D/jun-cc-pV(T+d)Z optimum geometries.
Dimerization products.
As can be seen in Scheme 1, whenever the hydroxyl radical is not in excess, MTMr will be produced but will not react further with additional • OH. Taking into account the different possibilities of reaction, at least three compounds may be obtained, depending on whether a C -C, C -S or S -S bond is formed. We have investigated these structures at the B97X-D/6-31+G(d,p) level and found them as shown in Fig. 5 . Isomer 1 is the most stable of the three, but even in this case, the dimerization is not competitive with reactions R1v or R1b if enough hydroxyl groups are present (the isomers are less stable than either MTC.W or SMMSA at the same theoretical level). If few hydroxyl groups are present, MTMr will also be scarce and the probability of two MTMr molecules colliding is lower. Then the probability of dissociation by collision with other molecules of DMS increases, since experimentally it was shown to be a phenomenon occurring in the millisecond time scale. So, one would expect that unimolecular dissociation predominates at small • OH concentration, followed by dimerization when more hydroxyl radicals are present, and starting to give the other products when the hydroxyl concentration is large enough.
It is clear that the stability of the dimer is larger when both sulfur atoms are in the S(II) state of oxidation. The disulfide bridge in Isomer 3, even if normally very stable, produces the least stable isomer, because both sulfurs are in the S(IV) oxidation state, in order to support the structure of the methylene substituents. Due to the marginal role played by these structures in the problem at hand, we did not investigate these molecules at more sophisticated levels of theory. Energetics and general reaction scheme. Collecting all the previous results, we obtain the energy diagram shown in Fig. 6 . This diagram has been built using the G4 Δ(E+ZPE) energies but, as can be seen from the tables we presented already and the full data collected in the Supporting Information section, all the theoretical levels give a similar qualitative picture, with quantitative differences that do not affect the general conclusions. This is shown in Fig. SMF10 in the Supporting Information section.
The main paths leading to the preferred products have been highlighted with bold lines in this figure. Several remarks are in order. In the first place, it is noticeable that the unimolecular decomposition to CH3 + TF is unfavorable, possibly occurring only at very low • OH concentrations (dimerization products of MTMr have not been plotted in this image). In the second place, the reaction path leading to SMMSA is more favorable than that leading to MTC.W (and ultimately to THII) so that, even if THII is thermodynamically favored, it has a low probability to be produced. Finally, two paths can be followed starting from SMMSA, one of them leading to the very stable MSMOH (which later might decompose to MTSH + F) and the other directly to the DMSO product. Although MSMOH is the most stable species, the transition state TSR1l which leads to SMMSA is higher in energy than the transition state TSR1h leading to DMSO. Therefore, we can conclude that the reaction of DMS with excess However, we have shown here that DMSO can also be obtained from the abstraction path, when excess • OH is present, and minimize in that way the existing discrepancies between devised model simulations and field observations of the DMS oxidation mechanisms 70 .
Enthalpies of formation.
Since most of the structures on the reaction paths studied involve products which are well known experimentally, we pursued a determination of their standard enthalpies of formation (HOF) ∆ 298 as an indicator of the accuracy of the methods we have used in this paper on one side, and on the other side as a way to obtain an estimation of the experimentally unknown enthalpies of formation of the three species MSM, MSMOH and SMMSA. The enthalpies of formation were determined using the atomization energies 53, 54 , for each of the two composite methods used in this work. The results have been collected in Table   5 . 
.0 a AVG = value is an average of selected values
The main conclusion from the results in Table 5 is that both methods afford results within chemical accuracy (< 2 kcal/mol) on average. Quite surprisingly, the CBS-QB3 method (the simplest one) is able to produce errors below 2 kcal/mol for each of the individual species.
Taking into account the average value and the error as twice the average r.m.s.e. for the two methods, our best estimates for the heats of formation of the three species are 
Kinetic Evaluation
The first recommendation for the rate coefficient for reaction (R1) at 298 K from the review of DeMore et al. 78 based largely on the measurements in refs. 7, 16, 21, and 28, is 5 × 10 -12 cm 3 molecules -1 s -1 . Slightly lower values can be found in the reviews by Atkinson 79 ,
Atkinson et al. 27 , and Tyndall and Ravishankara 14 . Quantum chemical calculations of the rate coefficient for the abstraction of an H atom from DMS have been reported by Sekušak et al. 33 ,
El-Nahas et al. 32 and González-García et al. 31 . The rate coefficients calculated at different computational levels by Sekušak et al. 33 starting from a pre-reactive complex, gave values varying from 2.68 to 0.16 x 10 -12 cm 3 molecule -1 s -1 using MBPT(2) and CCSD(T) methods respectively, with a commonly observed peculiarity in computational kinetics: the more sophisticated is the quantum chemical method, the more distant is the computed value from its experimental counterpart. The calculations of El-Nahas et al. 32 at the PMP2/6-311++G(2df,2pd)//MP2/6-311++G(d,p) level afforded a best value of 1.1 x 10 -12 cm 3 molecule -1 s -1 , four to five times smaller than the experimental one. González-García et al. 31 , assuming direct and indirect H-abstraction, determined a value of 3.02 x 10 -12 cm 3 molecule -1 s -1 using the MPW1K/MG3S method to obtain geometries and CCSD(T)/IB method to calculate energies (IB refers to a kind of CBS extrapolation using only cc-pVDZ and cc-pVTZ single point energies). Their value is notoriously better than the others, but it depends on the existence of a pressure-dependent path, in disagreement with experimental observations (see, for instance, Hynes et al. 7 or Williams et al. 80 ).
As referred in the Computational details section, we did calculations at different levels.
First, we used DFT methods (B97X-D and M06-2X-D3 functionals) and composite model chemistry methods (CBS-QB3 and G4) to obtain the geometries of the minima and transition states. The geometries and projected frequencies at different points of the scan and IRC necessary to study the reaction channels of both elementary reactions (formation of PRC1 from the reactants and passage over the transition state TSR1a to give the MTMr + H2O products) were obtained by using only DFT methods. In order to obtain a better evaluation of the energies, single point CCSD(T) calculations were done on the optimized geometries obtained with the DFT methods, and both canonical TST and VTST calculations were performed with the data collected. The results are shown in Table 6 .
At variance with previous approaches is that we used the dipole-dipole pre-reactive complex PRC1 as the initial complex, and not PRC2 as has been previously attempted. This is important to understand why the values we obtained for the rate coefficient, . This leads to another point of the study; it is not only important to obtain a good match between theory and experiment at 298 K but also to take into account the temperature dependence, as we have already mentioned. In Fig. 7 Another remarkable feature of Figure 7 is that the CCSD(T) calculations in conjunction with a triple-zeta basis set fail to reproduce the temperature behavior of the most recent experiments, which is instead quite well reproduced both by CBS-QB3 and M06-2X-D3. At any rate, better experimental measurements and calculations are needed to solve the problem of the temperature dependence for the rate coefficient for pure abstraction in the absence of oxygen. Our results point out that this rate coefficient needs both direct and indirect abstractions to be explained, and to show that it is possible to predict accurately (or, at least, in agreement with the best available experimental data) both the rate coefficient at ambient temperature and its temperature dependence.
The same methodology employed to calculate the rate coefficient of R1a was used for reactions R1h, R1l and R1t, which constitute the final part of our mechanism. In particular, the comparison between R1h and R1l would provide clues about the branching ratio between the more stable MSMOH and the less stable DMSO. These values are collected in Table 7 for several temperatures and plotted in Figure 8 . 82 and Nielsen et al. 20 , provided rate coefficients much lower than other experimental determinations and this failure was attributed to the presence of oxygen impurities that could regenerate hydroxyl radicals. 
Error Evaluation
Calculation of critical points and paths on the potential energy surfaces, and consequently the thermodynamic and kinetic properties of the reactions, are subject to unavoidable errors of the methods employed. Therefore, an error analysis should at least be attempted. Notice that we do not have too many experimental data with which to compare.
Basically the experimental data concern the generation of the MTMr radical (for which the reaction energy and the rate coefficient are available) and the enthalpies of formation. For that reason, we will focus this discussion on the results collected in Tables 1-2 not extremely good either. We have already commented that, contrary to common sense, the least sophisticated model seems to give the best results.
In the case or the PRC2 complex, for which the experimental data affords a stabilization energy of 10.7 ± 2.5 kcal/mol 16 , the DFT values are all within the error bar (see Table 1 ), no matter the basis set used, and the same happens with the composite model chemistry methods. The CCSD(T) results, however, exhibit strong dependence on both the basis set used and the geometry at which the energy is calculated. While the relative energy Δ(E+ZPE) of PRC2 at the B97X-D level varies by 0.88 kcal/mol (9%), enlarging the basis set from cc-pVTZ to jun-cc-pV(T+d)Z, the corresponding change becomes 2.4 kcal/mol (46%) at the CCSD(T) level. A smaller variation (11%) is found in the stabilization values of PRC1 and almost no variation for TS0. However, since the TS0 barrier is very low (only 0.18 kcal/mol at the G4 level) those small variations are significant and change even the qualitative meaning of TS0, as can be seen in Table 1 .
While the errors associated to the thermochemistry of the PES are well understood and reasonably simple to control, the situation concerning rate coefficients is much more involved. A 2 -3 kcal/mol error in a theoretical enthalpy of formation or reaction may be comparable to experimental error bars. However, an error of just 3 kcal/mol in the barrier for a transition state translates into a factor of 150 in the rate coefficient. Therefore, it is unreasonable to expect high accuracy in the calculation of rate coefficients, unless a systematic cancellation occurs among the errors associated with basis sets, methods of calculation of the electronic structure, anharmonic and internal rotor effects, etc.
A first attempt to perform such an analysis can be based on the results collected in Table 6 . It is clear that the net effect of the changes in geometries, energies and frequencies at different levels of calculation translates into an enormous variation of the rate coefficient.
This has not only quantitative implications, but also qualitative ones. In fact, if one plots the rate coefficients as a function of the temperature (Fig. 7) the results are striking. The more sophisticated (and costly) CCSD(T)/jun-cc-pV(T+d)Z//B97X-D/jun-cc-pV(T+d)Z calculation produces a rate coefficient about 21 times smaller than the experimentally value at room temperature and with the opposite temperature dependence than that obtained with the other theoretical calculations.
The following general observations can be made. In the first place, the level at which geometries are determined for the calculation of CCSD(T) energies does not have a large impact in the rate coefficient. The same can be said with respect to the use of TST or VTST procedures for obtaining the rate coefficient. CCSD(T) rate coefficients are consistently lower than experiment in the three cases studied. In the second place, composite model chemistries (which are approximations to CCSD(T)/CBS) behave in the opposite way: the rate coefficients are larger than experiment and they differ more from experiment in the case of the more refined G4 model than in the case of CBS-QB3. In the third place, DFT methods are not per se right or wrong (as compared to the experimental value). While the B97X-D method affords values which are too large, the M06-2X-D3 functional affords rate coefficients that are very close to the experimental ones.
The above analysis clearly shows that a good agreement between experimental and theoretical calculations is mostly a result of error compensation, especially at the level at which the geometries and frequencies along the path are calculated. In agreement with other studies we have performed, it seems clear that simply increasing the size and complexity of the basis set at the DFT level does not always lead to a better result 83 . Each density functional seems to have a certain range of basis sets on which it performs optimally, due to error compensation.
Extending the basis set beyond that point, although appealing from a complete basis set point of view, does actually worsen the results. While one can judge which is the best level to use in problems where experimental results are known, this task is much more difficult for the rate coefficients for new reactions. In the case of species with several non-hydrogen atoms, for which extremely precise calculations are impossible, the best that can be done is to use consistently the methods that reproduce better the few experimental results that may be available for parts of the system: we followed exactly this approach in the present study.
Conclusions
The field of reactive sulfur intermediates has been blossoming in recent years, and it impacts atmospheric and interstellar chemistry as well as other areas of research. We have studied theoretically in this paper the multigenerational reaction of DMS with hydroxyl radicals, in order to understand better the process of abstraction. To that end, we studied the system in the absence of oxygen, using DFT, CCSD(T) and composite methods of calculation with several basis sets. The thermodynamic approach to determine the mechanism and the probable routes, was complemented with a calculation of rate coefficients using both CTST and VTST for the most important steps in the mechanism.
From the thermochemical point of view, it was shown that the reaction of abstraction proceeds through a pre-reactive complex which is different from that of addition, which normally leads to DMSO through reaction with molecular oxygen. The complicated relation between these two minima was studied and the shape of the portion of the potential energy surface that relates them was determined. The subsequent product from abstraction, MTMr, was analyzed and the main thermochemical characteristics determined with our theoretical results compare favorably to the experimental information. It was found that MTMr can evolve according to different channels, depending on the concentration of hydroxyl radicals. The most favorable route, according to the calculations, leads to a seldom explored closed-shell molecule, SMMSA, where the hydroxyl is bound to sulfur. This species can evolve to DMSO by a hydrogen shift from oxygen to carbon, or to MSMOH by OH shift from sulfur to carbon.
Even if MSMOH is several kcal/mol more stable than SMMSA and DMSO, the height of the barriers for the reactions suggest that DMSO would be the favored product.
Determination of the rate coefficients for the abstraction reaction itself allowed to demonstrate the strengths and weaknesses of the methods used. On the one side, it was shown that it is not necessary to adopt the point of view that indirect H-abstraction starting from the addition complex is necessary to explain the results. Starting from the correct prereactive complex for abstraction and calculating the rate coefficient, we obtained values in the range [3.00-4.72] x 10 -12 cm 3 molecule -1 s -1 , in excellent agreement with the most recent value of 4.13 x 10 -12 cm 3 molecule -1 s -1 at 298 K. Moreover, we were able to show that the temperature dependence of the rate coefficient follows an inverse Arrhenius behavior, in agreement also with the most recent experimental determination by Albu, Barnes et al. 30 and the older one of Wallington et al. 29 . The negative activation energy obtained from our calculations, -302 K, is also in excellent agreement with Albu, Barnes et al. 30 experimentally determined one, -363 ± 27K. In the light of these facts, we employed our methods to determine also the rate coefficients of the other important reaction channels and confirmed that the reaction leading to DMSO is going to be faster at all temperatures.
The final conclusion of our work is then that DMSO should be obtained also from the abstraction channel provided that enough hydroxyl radicals are available to produce a multigenerational • OH reaction without the need of molecular or atomic oxygen to participate in the process.
